Invasive fungal pathogens and pests of sweet chestnut (Castanea sativa Mill.) forests drastically reduce their productivity. The recently described Gnomoniopsis castaneae is one of the main agents involved in the epidemic of brown rot of chestnut nuts worldwide. In 2014, during an investigation aimed at evaluating the health status of chestnut forests in Sardinia, a high incidence of necrotic galls induced by the Asian gall wasp Dryocosmus kuriphilus Yasumatsu (Hymenoptera, Cynipidae) was observed. Several fungal isolates were consistently isolated from necrotic gall tissues. Based on their morphological characters and analyses of both the ITS and EF1-α-coding gene sequences, all isolates were identified as Gnomoniopsis castaneae.
Introduction
Over the last decades, insect and pathogen invasions have exponentially increased in Europe, damaging forests and other ecosystems (Santini et al. 2013) . The introduction of a non-native microorganism may in fact negatively affect the existing trophic interactions and alter the equilibrium of natural ecosystems. Plant trade is one of the major pathways of introduction for many fungal pathogens and insect pests (Brasier 2008) .
Sweet chestnut (Castanea sativa Mill.) is one of the best example of a forest tree species threatened by invasive pathogens and insect pests, with major impacts caused by Cryphonectria parasitica, Phytophthora spp. and Dryocosmus kuriphilus (Kato & Hijii 1997 , Robin & Heiniger 2001 , Vannini & Vettraino 2001 , Quacchia et al. 2008 , Scanu et al. 2010 , Turchetti et al. 2008 , Reale et al. 2014 . Sweet chestnut is a typical nut crop of the Mediterranean basin and one of the most common forest trees in the hilly parts of Italy (Borghetti et al. 1986 ). In Sardinia, sweet chestnut grows between 500 and 1300 m a.s.l., cultivated for both fruit and timber production (Camarda & Valsecchi 2008) . The largest populations are located in the western area of the Gennargentu Mountain, with about 2239 hectares (INFC 2005) . Actions for sustainable territorial development of stakeholders allowed the revival of many recovery and promotional initiatives. The Sardinian government supported such actions by funding a regional program based on the principles of multi-functionality of this forest ecosystem (http://www.regione.sar degna.it/documenti/1_274_20121023092725 .pdf). Several actions have been undertaken to improve the management of chestnut orchards and to tackle phytosanitary problems, including trunk injection of potassium phosphite to control ink disease (Gentile et al. 2009 ) and spread of hypovirulence of C. parasitica to control chestnut blight (Turchetti et al. 2008) .
Nonetheless, chestnut forests in Sardinia have been infested by the Asian gall wasp Dryocosmus kuriphilus Yasumatsu (Hymenoptera Cynipidae), as in many other parts of Italy (Brussino et al. 2002 , Graziosi & Santi 2008 . The chestnut gall wasp is native to northern China and it is considered one of the most important pests of chestnut worldwide, causing significant damage to European chestnut, as well as to the susceptible eurojapanese hybrids (EPPO 2005) . Dryocosmus kuriphilus is a quarantine pest and is included in the A2 list of the European and Mediterranean Plant Protection Organization (EPPO 2015) . It is a univoltine species that reproduces by parthenogenesis. Adults, all females, emerge in the early summer and lay eggs in the buds of the host plant. The eggs hatch soon after, but larval growth begins at budbreak the following spring, when the larvae induce the rapid formation of stem, petiole, and leaf galls. Galling prevents normal shoot growth and fruiting (Kato & Hijii 1997 , Turchetti et al. 2012 . In Europe, the insect was first observed in 2002 in Italy (Brussino et al. 2002) . In Sardinia it was reported in 2007, whereas on the basis of collected data its introduction probably occurred between 2003 and 2005 by seedlings from Piedmont nurseries (Pantaleoni et al. 2007 ). Since 2009, biological control of populations of the Asian chestnut gall wasp has been performed using the natural enemy Torymus sinensis Kamijo (Loru et al. 2014) . On the basis of experiences carried out in Italy (Quacchia et al. 2008 , Panzavolta et al. 2013 , the use of natural enemies for the biological control of D. Kuriphilus, besides the prevention of chestnut stand degradation and abandonment during the long delay period before the parasitoid is effective, resulted in a successful reduction of pest population. Investigations on gall development induced by D. kuriphilus on Castanea sativa provide indications of the critical time periods for the management of the pest and its effective control (Reale et al. 2014) .
Several fungal species have been associated with necrotic galls of D. kuriphilus, including Fusarium and Alternaria species (Addario & Turchetti 2011 , Tosi et al. 2015 . Species in the Colletotrichum genus have been reported causing extensive larval mortality of D. kuriphilus (Gaffuri et al. 2015 , Graziosi & Rieske 2015 . Recently, necrosis on galls of D. kuriphilus and insect's death have been associated with a Gnomoniopsis sp. (Magro et al. 2010 , Vannini et al. 2014) .
The possibility of using these fungal species as biocontrol agents against D. kuriphilus and evaluating their impacts on plants and animals, is considered an alternative to natural enemies (Addario & Turchetti 2011 , Tosi et al. 2015 . However, the genus Gnomoniopsis is found as endophyte in healthy plants, but also behaves as pathogen infecting branches, leaves and chestnut fruits (Visentin et al. 2012 , Maresi et al. 2013 , Shuttleworth et al. 2013 , Dennert et al. 2015 , Pasche et al. 2016 .
In 2014, during an investigation aimed at evaluating the health status of chestnut forests in Sardinia, galls with black lesions on the exterior and often with a slight depression were observed, suggesting a possible involvement of the above mentioned fungal pathogens.
The aim of this study was to isolate and identify the fungi associated with necrosis of D. kuriphilus galls in chestnut areas of Sardinia. To this end, the fungal species isolated from these galls were characterized using both morphological and molecular methods. The fungus most consistently isolated, Gnomoniopsis castaneae, was identified as the most likely agent of the necrosis associated with D. kuriphilus galls.
Materials and methods

Study sites and sampling
Chestnut stands were selected in spring 2015 in two villages, Aritzo and Belvì (Nuoro province) located in the Sardinian region of "Barbagia di Belvì", on the basis of the high presence of galls induced by D. kuriphilus. Two sites per village were selected (Tab. 1) and for each site sampling was undertaken on five chestnut trees, including one central tree and the four most adjacent trees radially. For each tree, 10 symptomatic and 5 asymptomatic galls were collected at the end of June 2015 from both twigs and leaves. The samples were collected from random locations in each tree, bagged and labeled with an identification code and collection date, and stored in the laboratory at 4 °C for subsequent analysis.
Fungal isolation and DNA analysis
A total of 200 symptomatic galls and 100 asymptomatic galls were surface sterilised by immersing each gall in 70% ethanol for 1 min. For symptomatic galls, portions of tissues from the margin of each necrotic lesion were placed onto PDA (Potato Dextrose Agar) and incubated in a growth dark chamber at 21 °C. Portions of tissues taken just under exterior tissues of asymptomatic galls were placed and incubated using the same conditions.
Representative samples of each growing colony were subcultured onto PDA for morphological and molecular identification. Cultures were stored at the Cork and Silviculture Research Department -Agris Sardegna.
For morphological identification, three replicates of each isolate on PDA were incubated at 23 °C in the dark for 20 days. Colony morphology was characterized by observing its form, margin, surface, growth and colour. Conidia were measured under an illuminated Carl Zeiss light microscope (Carl Zeiss, Standard RA 38, Germany) at 400× magnification. Standard deviation and length ratio were determined for conidia. DNA was extracted from mycelium of colonies (Mello et al. 1999) . The universal primers ITS1 and ITS4 (White et al. 1990 ), were used to amplify the ITS-1, 5.8S and ITS-2 regions of the nuclear rDNA. Primers EF1-728F and EF1-1199R (Walker et al. 2010) were used to amplify the EF1-α-coding gene. Successful amplifications were verified by gel electrophoresis at 90 V for 40 min with 1.5% agarose gel and 4 μl of SYBR Safe. PCR products were purified by Eurogold ® Gel Extraction Kit (Euroclone, Pero, Milan, Italy) according to the manufacturer's instructions and sequenced by BMR Genomics Lab (http://www.bmr-genomic s.it). All sequences were identified by querying the GenBank database, using the nucleotide BLAST (https://blast.ncbi.nlm. nih.gov) search option (blastn), available through the National Center for Biotechnology Information and the UNITE online database (http://unite.ut.ee/index.php). Sequence similarity was assessed by Multiple Sequence Alignments using the software Clustal Omega (http://www.clustal.org). Sequences were deposited in GenBank. Accession numbers for ITS sequences are: LT593843 for isolate B1P1RS0; LT593844 for isolate A1P1GS0; LT593845 as representative of isolates A2P4GS0, B1P2GS0, B2P5GS0, A2P4GS0; LT593847 for isolate B2P2GS0; LT593846 as representative of isolates B2P1GS0, A1P2GA0, A2P3GS0, A1P5GS0, A2P5GS0, B2P5RS0, A1P1RS0. Accession number for EF1-α-coding gene sequences is: LT593848 as representative of isolates A1P1GS1, B1P1RS1, B2P5GS1, A1P2GA1, B1P2GS1.
Phylogenetic analyses were carried out using the software MEGA version 7 (http:// www.megasoftware.net). Neighbour-joining trees were constructed using Kimura's two-parameter model (Kimura 1980 ) with 1000 bootstrap replicates, including sequences from other species retrieved from databases.
Results and discussions
We isolated mycelia cultures from 200 symptomatic galls and 100 asymptomatic galls in order to identify the fungi associated with necrosis. In 68% of symptomatic and 34% of asymptomatic galls collected, we observed all colonies with the same features: woolly and dense mycelium, colour variable from greyish to brown (Fig. 1) . Only from 1% of symptomatic galls, two different fungal agents were isolated (two colonies with the same aspect in one of the two galls and two colonies with another aspect from the other gall). In 12% of symptomatic and 56% of asymptomatic galls, no fungus was isolated. The 19% of symptomatic galls and 10% of asymptomatic galls resulted contaminated from bacteria. The colonies with the same features isolated from symptomatic and asymptomatic galls were regular in outline and developed in concentric circles. Orange and creamy drops of conidial growth appeared in concentric rings or scattered on the surface of older colonies. Conidia were hyaline, oval, obovoid, pyriform, or curved with an average size (n = 120) of 6.5 ± 0.58 μm (SD) × 2.2 ± 0.26 μm (length × width). On the basis of these morphological features, the fungus was identified as a Gnomoniopsis sp. This was confirmed by sequencing the ITS region from 13 isolates and the EF1-α locus from five isolates originated from symptomatic and asymptomatic galls. In order to check the genetic variability of the strains, a multiple sequence alignment was made. Sequence alignments of the ITS region (523 bp) and the EF1-α-coding gene (578 bp) showed 99.62% and 100% similarity, respectively, across all isolates, suggesting that they belong to the same species. Interestingly, an adenine deletion was shared by four of the isolates, which originated from both village locations. BLAST comparison of the 13 ITS sequences gave very high similarity with G. smithogilvyi (from 99% to 100%, 100% query coverage) and G. castanea (99%, but 94% query coverage) and comparison of the five EF1-α-coding gene sequences gave very high similarity (100%, 100% query coverage) with G. smithogilvyi and an unknown Gnomoniopsis species.
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iForest 10: 440-445 Fig. 1 -(a) Necrotic galls infested by Gnomoniopsis castaneae; (b) colony of Gnomoniopsis castaneae on PDA; (c) conidia drops; (d) conidia. Scale bars: 10 μm.
Fig. 2 -Neighbour-joining trees
based on a multiple sequence alignment of the ITS region of rDNA (A) and EF1-α locus (B) from fungi isolated in this work and from other fungal species retrieved from GenBank. Apiognomonia veneta was used as outgroup as in Visentin et al. (2012) . Soil sample codes: A1 and A2 indicate Aritzo (site 1 and site 2), B1 and B2 indicate Belvì (site 1 and site 2), P1-P5 indicates plant number, GS and GA identify symptomatic and asymptomatic galls, RS identify symptomatic twigs. In order to assign our sequences to a taxonomic species, a phylogenetic tree including sequences of G. smithogilvyi and G. castanea, in addition to sequences of two other species of Gnomoniopsis was built (Fig. 2) . Results for both ITS and EF1-α showed that the fungus consistently isolated in this study clustered together with G. smithogilvyi and G. castanea, and separately from the other Gnomoniopsis species G. clavulata and G. tormentillae. In the ITS tree the four isolates sharing the same deletion clustered together with G. smithogilvyi and G. castanea. Since G. smithogilvyi and G. castanea are conspecific, as clearly stated by Meyer et al. (2015) and Shuttleworth et al. (2015) , and given that Pasche et al. (2016) suggested using the name G. smithogilvyi as the agent of the chestnut shoots canker symptoms in Castanea sativa, we can conclude that the causal agent of the necrosis associated with D. kuriphilus galls in the chestnut areas located in the "Barbagia di Belvì" region of Sardinia is G. smithogilvyi. However, according to Tamietti (2016) , since G. castaneae ("castanea") was described and published earlier than G. smithogilvyi, the legitimate name of the fungus is G. castaneae ("castanea"). For this reason hereafter we follow this rule to indicate the agent of the chestnut shoots canker symptoms in Castanea sativa.
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The finding of G. castaneae on both symptomatic and asymptomatic galls suggests that this fungus may behave as both endophyte and pathogen. Endophytes are known to produce pathogenic lesions on cynipid galls and interact with gall-forming insects (Wilson 1995) .
In this study, we started to evaluate whether chestnut gall necrosis can affect the vitality and emergence of D. kuriphilus and parasitoids, in Sardinia. The rates of living larvae (unidentified species) as well as pupae and adults of D. kuriphilus, recovered inside necrotic and asymptomatic galls, were statistically compared. In addition, some observations on adult emergence of D. kuriphilus and parasitoids from necrotic galls were conducted. Preliminary data showed no adverse effects of gall necrosis on insect vitality. However, the number of chestnut gall samples used so far for vitality test was too small and further more accurate surveys are required to obtain reliable results. In this context, Lione et al. (2016) reported a large number of living adults inhabiting galls colonized by G. castaneae and a large number of emerged D. kuriphilus, suggesting that an interaction between insect and fungus can occur during the insect development. By contrast, Vannini et al. (2016) reported a relevant mortality of gall wasp before the adult flight period, suggesting G. castaneae as one of the most efficient sources of natural biological control of D. kuriphilus in Europe. It should be considered that, the impact of endophytic fungi on gall wasp vitality is correlated with structural gall traits that vary significantly according to geographic location and development phase (Cooper & Rieske 2010) .
The two additional fungal agents we isolated were identified as Fusarium lateritium and Cladosporium sp. Fusarium lateritium is a plant pathogen, reported as the causal agent of nut gray necrosis on hazelnut (Vitale et al. 2011) . Addario & Turchetti (2011) also isolated Fusarium from necrotic galls.
Gnomoniopsis castaneae has recently been reported in Sardinia as a weak pathogen on hazelnuts that grows in the same area of chestnut forests (Linaldeddu et al. 2016 ). According to Lione et al. (2016) the infestations of D. kuriphilus could have increased the pathogen spreading ability. On the basis of these works we propose two possible scenarios on the diffusion of G. castanea in Sardinia after its introduction: (i) it may be widespread from chestnut on the hazelnut without producing disease on this host; (ii) it was already present on hazelnut as weak pathogen and then has infested chestnut trees after gall wasp invasion. Considering that Sardinia chestnut forests are totally isolated from the Italian chestnut range, the relationship between host and pathogen could have different performances compared to the continental case. However, often the lack of data on host or pathogen diversity and biogeography makes it difficult to say whether a disease has been favored by changing environmental conditions and does not yield reliable conclusions on the host-pathogen relationship (Desprez-Loustau et al. 2016) . Recently, problems never observed before on the quality of chestnut productions have been reported by the local population. Chestnut forests are very important for local economy because of both fruits and timber productions in rural areas of Sardinia. G. castanea is currently considered the main agent of nut rot (Visentin et al. 2012 , Dennert et al. 2015 , Lione et al. 2015 . The presence of G. castaneae in Gennargentu Mountain ecosystems could, therefore, represent a danger in chestnut productions. Furthermore, since Gnomoniopsis spp. exist as endophytes in healthy host plants (Maresi et al. 2013 , Dennert et al. 2015 and the European system of plant biosecurity is based principally on visual inspections for symptoms, it is difficult to detect pathogens in asymptomatic plants (Jung et al. 2016 ) and therefore, the risk of G. castaneae spreading with visually healthy host plants is very high. This is the first investigation on presence of G. castaneae infecting chestnut cynipid galls in Sardinia. Future research is needed to deeper analyse the interaction between D. kuriphilus and G. castaneae and to understand how this fungus can affect the health status of Mediterranean chestnut ecosystems and then, the quality of their products. The availability of specific primers (Lione et al. 2015) will help to fast monitor the presence of G. Castaneae in these ecosystems.
